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Abstract
Pangolins are a highly endangered animal and the current focus of a global conservation
effort. They are one of the most heavily poached, yet least understood mammals in the world.
The Sunda pangolin (Manis javanica) is a critically endangered species under IUCN guidelines,
disappearing from the wild at a rate which outpaces the conservation efforts aimed at
understanding and protecting it. One particular, novel approach to conservation involves the
application of behavioral ecology and comparative cognition to conservation in practice.
Foraging is an essential behavior for survival, with little known about how pangolins navigate
their physical environment in order to maximize food intake. In this study, we first used an
object-choice task to assess the ecological relevance and use of sensory information in Sunda
pangolin foraging behavior. Two subjects (N=2) were tested on their ability to locate food across
visual, acoustic, and olfactory foraging tasks, the last of which was the only modality to yield
statistically significant results. Further olfaction testing with one subject (N=1) revealed that
pangolins may be less likely to navigate a hunt based on distant prey odors and may rely more on
scent trails that can be tracked to a final source. Despite the small sample size, the current study
is the first controlled experiment, to our knowledge, that has directly tested pangolin foraging
behavior. In addition, this work has important implications for understanding how pangolins
navigate their physical environments and thus may contribute to conservation efforts that focus
on habitat protection.
Keywords cognition, ecological validity, foraging, object-choice task, olfaction, pangolin, scent
trails, sensory perception, Sunda pangolin
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Introduction
The survival of wildlife highly depends on their ability to locate food (Imura et al., 2016;
Stutz et al., 2018). Studying the foraging behaviors of animals not only provides insight into
what resources they value, but how they navigate their environment to locate such resources as
well (Stevens, 2013). Studying the sensory modalities with which an animal finds food informs
our understanding of what characteristics of food are relevant to foraging behavior, as well as
how the animal navigates its physical world more generally (Blumstein and Berger-Tal, 2015;
Greggor et al., 2014; Potier et al., 2016; Rice, 1983; Stevens, 2013). Thus, understanding which
sensory cues have the most ecological value to an animal can provide valuable information
regarding its behavioral ecology (Plotnik et al., 2014; Stevens, 2013). Testing the importance of
sensory cues for an animal not only offers insight on its extant behaviors, but may also help
explain what ecological pressures influenced its evolution (Berger-Tal et al., 2011). While the
study of foraging behavior may have more obvious application to the fields of ethology and
ecology, it can also be leveraged by conservationists struggling to protect highly endangered, yet
poorly understood species as well (Alberts, 2007; Blumstein and Berger-Tal, 2015; Berger-Tal et
al., 2011; Caro, 1999; Greggor et al., 2014).
Determining which sensory cues have ecological validity to an animal’s foraging habits
may largely depend on its ecological niche and the properties of its food (Jaeger, 1978; Jones and
Teeling, 2006; Melin et al., 2013; Melin et al., 2014; Siemers and Schnitzler, 2004). Most nonhuman primates (NHPs) have evolved and continue to thrive in equatorial habitats that are
marked by spatially complex layers of vegetation (Melin et al., 2014). It has been argued that the
evolution of trichromatic vision in many NHPs, for instance, may be an evolutionary response to
the complexity of their ecosystems, as well as the exploitable characteristics of their food
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(Dominy and Lucas, 2001; Melin et al., 2014). Specifically, the visual discrimination of colors
could be an advantageous foraging strategy for diurnal primates which have to differentiate the
colors of ripe fruit from the abundance of inedible or low-quality vegetation within a forest
backdrop (Dominy and Lucas, 2001; Imura et al., 2016; Melin et al., 2014). While color
discrimination may help these animals to identify food, visual perception and manipulation of
environmental variables may be essential for accessing food within spatially complex foraging
scenarios. Great apes and corvids have demonstrated the ability to retrieve food from puzzles
when given visual cues about its location, or by adjusting their actions based on the visual
feedback created by their manipulation of tools (Emery and Clayton, 2004; Herrmann et al.,
2010; Irwin et al., 2006; Melin et al., 2014; Taylor, 2014; Völter and Call, 2012; Whiten et al.,
2005). Despite the evolutionary and physiological differences between great apes and corvids,
their mutual capacity to solve foraging tasks with the use of visual cues may be the result of
convergent evolution that occurred under similar ecological conditions (Emery and Clayton,
2004). Specifically, the ability to perceive how visual manipulations to their environment can
enhance their access to food may have been instrumental to retrieving fruit and seeds from
spatially complex scenarios present throughout their respective foraging ecologies.
Predatory animals may also value visual cues within a variety of ecological contexts.
Many avian raptors, for instance, which forage on mobile prey have evolved specialized visual
systems that enable them to detect the movements of their prey from a distance (Gaffney and
Hodos, 2003; Potier et al., 2017). Such visual acuity would be important for both nocturnal and
diurnal predators, although the ecology of animals seeking live prey may require a complement
of sensory information for such predators to find their food. The grey mouse lemur (Microcebus
murinus) is a nocturnal, omnivorous NHP which has evolved a multisensory approach for
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obtaining the variety of insects and fruit within its diet (Goerlitz and Siemers, 2006; Piep et al
2008; Siemers et al., 2007). While foraging for insects at night, the grey mouse lemur can
effectively use both visual and acoustic cues (Goerlitz and Siemers, 2006; Piep et al 2008;
Siemers et al., 2007). This multimodal foraging approach has been interpreted as an evolutionary
adaption which enables the lemur to exploit both the physical movements of its live prey (e.g.
visual cues) as well as the sounds resulting from their movement (e.g. acoustic cues) (Goerlitz
and Siemers, 2006; Piep et al 2008; Siemers et al., 2007). Though diurnal NHPs primarily use
their color vision to identify and obtain fruit during the daytime, evidence suggests that the grey
mouse lemur primarily uses olfaction to find fruit at night when there are fewer visual cues
available (Siemers et al., 2007). Similarly, though Macroglossum stellataum and Dielephila
elpenor are both nectar-feeding hawkmoths of the same subfamily, they have evolved different
foraging strategies based on the differing times of day during which they feed (Balkenius et al.,
2005). The diurnal M. stellataum primarily exploits the availability of visual stimuli provided by
colorful flowers during the day, while the nocturnal D. elpenor exploits the scent of such flowers
at night when visual cues are not as salient (Balkenius et al., 2005). Thus, not only does the
ecological characteristics of an animal’s food (i.e., mobile vs. stationary) influence which
sensory modalities it uses to forage, but the temporal timescale (i.e., night vs. day) within which
its forages for such resources may matter as well.
Despite its evolutionary and geographic divergence from most of its diurnal NHP
relatives, recent biological evidence suggests that the nocturnal aye-aye (Daubentonia
madagascariensis) has retained several aspects of its color vision (Perry et al., 2007). Though the
aye-aye has a visual capacity that is beyond what is typically expected from nocturnal mammals,
its unique foraging ecology likely means it does not rely on visual discrimination (Erickson,
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1991). Instead, it employs a unique, multimodal, non-visual sensory approach to locating its
food. Feeding primarily on beetle larvae which take residence beneath the bark surface of
decomposing wood, the aye-aye must locate its food in the absence of readily exploitable visual
cues (Erickson, 1991; Ramsier and Dominy, 2012; Thompson et al., 2016). Through a
combination of somatic probing and acoustic localization, the aye-aye searches for larvae by
repeatedly tapping its uniquely evolved middle-phalanx on tree bark, carefully listening for
variations in the acoustic resonance created by its tapping behavior (Erickson, 1991; Ramsier and
Dominy, 2012; Thompson et al., 2016). If the acoustic cues indicate the presence of a cavity
beneath the wood, the aye-aye then penetrates the bark surface to retrieve any resident larvae.
This specific behavior in the aye-aye has been described in the literature as percussive foraging
(Erickson, 1991). Many species of nocturnal and insectivorous bats also employ an acousticbased foraging strategy that is similar to the aye-aye (Britton and Jones, 1999; Simmons et al.,
1979). These bats generate unique vocalizations which are deflected back towards the bat once
they make contact with an object (i.e., echolocation). The bats then process this acoustic
information with their sensitive hearing, listening for variations in these acoustic volleys that
might indicate the presence of prey (Britton and Jones, 1999; Simmons et al., 1979. Similar to
the aye-aye, these bats are not necessarily listening for the sounds of their prey, rather they are
generating sounds themselves which compromise the location of their prey.
While percussive and echolocation strategies involve predatory animals actively
generating their own sounds to locate prey, other predators may passively listen for acoustic
information generated by prey themselves. Similar to the grey mouse lemur, the barn owl (Tyto
alba) is a nocturnal predator that is able to make accurate foraging decisions based on the sounds
that are generated by its prey (e.g. rodents and other small vertebrates) (Payne, 1971; Takahashi
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et al., 2010). Many species of owl, including the barn owl, have asymmetrical, external ears,
which evolved as a specialized adaptation to support this behavior (Payne, 1971; Takahashi et
al., 2010). This anatomical position allows for owls to gather acoustic information from multiple
spatial planes, allowing them to effectively localize their prey under low-light conditions. Other
predators such as the Saharan sand viper (Cerastes cerastes) also ‘listen’ for the sounds
generated by their prey (Young and Morain, 2002), though they have evolved their own unique
rendition of acoustic-based foraging. Since snakes do not have external ears, they do not perceive
acoustic information in the same way as other vertebrates with external hearing appendages
(Christensen et al., 2012; Hartline, 1971; Young and Morain, 2002). Due to this unique anatomy,
snakes seem to make foraging decisions based on other sensory information, such as thermal,
visual, and olfactory cues. However, long-term behavioral research has revealed that several
snake species can actually perceive the vibrations generated by the movement of their prey with
their inner-ear and use this information to navigate their nighttime hunts (Christensen et al.,
2012; Hartline, 1971; Young and Morain, 2002). Though the barn owl and sand viper are both
nocturnal predators which use acoustic cues to hunt similar prey, their distinct evolutionary
history and sensory capacities have resulted in remarkably different acoustic-based foraging
strategies.
In other ecological niches, visual or acoustic cues may not be sufficiently salient for an
animal to use them while foraging. While birds of prey have traditionally been regarded as
visually-dependent foragers (Potier et al., 2016; Potier et al., 2017), some research suggests there
may be considerable variability between species. The evolution of acute vision has particular
foraging utility to predatory raptors which survey open terrains for the movements of live prey
(Potier et al., 2017). Such visual acuity may have less importance to scavenging raptors, such as
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the turkey vulture (Grigg et al., 2017; Potier et al., 2017), for instance, whose food is often
concealed by dense woodland canopy and offers few visually salient cues (Potier et al., 2017).
Feeding mostly on animal carrion, both anatomical and behavioral research suggests that the
turkey vulture primarily exploits the olfactory cues generated by the decaying carcasses it
consumes (Grigg et al., 2017; Potier et al., 2017). Given the fact its food is usually dead and
immobile, vision may have less ecological relevance to the turkey vulture within the context of
foraging compared to other raptors which actively seek the movements of their live prey.
Interestingly, the carrion-feeding black vulture, which is a sympatric species of the turkey
vulture, seems to have evolved an entirely different foraging strategy (Grigg et al., 2017). Black
vultures primarily locate carrion by visually observing the behavior of other scavengers, such as
the turkey vulture, which it then opportunistically follows to a feeding site (Grigg et al., 2017).
Once other scavengers confirm the location of a carcass, black vultures then attempt to displace
their competition from feeding sites (Grigg et al., 2017) with displays of aggression. This
variability in the use of sensory modalities amongst sympatric vulture species is an example that
animals can evolve vastly different foraging behaviors even within the same ecological
framework.
Herbivores, such as the elephant, may also favor olfactory cues when making foraging
decisions (Plotnik et al., 2014; Schmitt et al., 2018). Despite the elephant’s developed auditory
system, auditory cues within a foraging context may have little ecological validity to them given
that their herbaceous food does not generate sound (Plotnik et al., 2014). Though most literature
on herbivorous, diurnal NHPs suggests that they are primarily visually-dependent foragers, some
species may use olfaction as a supportive modality or may make foraging decisions based on
olfactory cues in the absence of visual cues (Dominy et al., 2001; Hiramatsu et al., 2009; Irwin et
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al., 2006; Nevo and Heymann, 2015). While Diademed sifakas (Propithecus diadema) are
diurnal NHPs whose diet does largely consist of fruit and leaves, they seasonally forage on
subterranean plants which are visually concealed beneath leaf litter (Irwin et al., 2006). Given
the visually discrete characteristics of this subterranean food, it is believed that these sifakas use
olfaction to locate this particular resource (Irwin et al., 2006). The use of olfactory cues in
diurnal NHPs is not limited to P. diadema, however. Some frugivorous species of NHPs which
use their vision to locate fruit from a distance have also been noted to use olfaction to assess the
ripeness and quality of their food once it is obtained (Dominy et al., 2001; Hiramatsu et al.,
2009). Thus, wildlife species which display a notable degree of dietary plasticity may recruit
different sensory modalities depending on the specific food resource they are selecting or
alternate their use of sensory cues throughout segments of a foraging session.
Most animals which exhibit some degree of behavioral plasticity can be conditioned to
respond to a sensory cue or learn to associate its presence with a food reward, even if such cues
do not have inherent ecological value to the species (Mennerat et al., 2005; Miletto Petrazzini,
2018; Sison and Gerlai, 2010). From a conservation perspective, there may be greater utility in
understanding the natural behaviors of wildlife, as such knowledge could be applied in the field
to better track, locate, and protect threatened species (Ale and Brown, 2013; Challender, 2008;
Mumby and Plotnik, 2018). In some cases, wild populations of threatened species may be so few
in number that ex situ initiatives may become viable conservation options (Bissonette, 1999).
Behavioral research may help conservationists incorporate ecologically relevant stimuli into ex
situ enclosures, which could potentially reduce the stressors of captivity and support
reintroduction initiatives (Challender, 2008; Nielsen et al., 2015; Swaisgood, 2007).
Furthermore, threatened species that are part of ex situ conservation initiatives can also provide
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valuable research opportunities that could potentially benefit wild populations. By using captive
individuals as models for their wild conspecifics, it’s possible to apply the behavioral knowledge
acquired through ex situ research to better study and protect wild populations. Determining
whether in situ or ex situ research is appropriate for studying the behavior of endangered species
is contingent upon the consideration of many factors, however, a keen understanding of a
species’ behavioral ecology is nonetheless fundamental to its conservation (Greggor et al., 2014).
The remarkable variation in foraging behavior across diverse species suggests that
foraging strategies, as well as the sensory modalities that animals exploit to implement them,
evolve as a result of unique ecological pressures. This means that, in terms of applied
conservation, understanding and protecting the habitat and food resources of a particular species
is just as important as protecting the species themselves. When studying endangered wildlife, it
may be challenging to acquire information directly on the behavioral ecology of the target
species itself due to the paucity of their remaining numbers in the wild, which in-turn reduces
sampling opportunities. This poses a particular challenge to conservationists seeking to protect
threatened species, though have limited data on where to look for such animals and how they
may be navigating within their environment. Thus, examining how the foraging behaviors of
other animal species evolved in response to their respective ecological pressures may provide a
framework of analysis that could be applied towards lesser-known species of concern.
Additionally, evaluating the exploitable properties of an animal’s food, in the absence of robust
behavioral data on the animal itself, may provide some guidance as to which sensory cues are
most likely to influence their movement and decision-making while foraging.
The current study focuses on a highly endangered, remarkably poorly understood
mammal, the pangolin, and aims to investigate how its foraging behavior can inform its
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conservation. Though the existing literature on pangolin behaviors is limited, applying both what
is known of how other wildlife evolved in response to ecological pressures and evaluating the
most-salient properties of pangolin food may provide insight as to which sensory information
influences pangolin foraging behavior. Improving our understanding of what pangolins look for
while foraging and how they find it provides valuable information not only on how to better
conserve pangolins themselves, but the broader resources which they value as well.
Pangolins are uniquely evolved mammals that have true scales, no teeth, prehensile tails,
powerful claws for digging, and a long tongue that protrudes during foraging (EDGE, 2019;
Gaubert, 2011; Mohapatra and Panda, 2014; Thai et al., 2010). There are eight species
worldwide, with four species endemic to Asia and four endemic to Africa. Though each species
has a distinct morphology and habitat profile, most are primarily nocturnal and all species are
myrmecophagous (i.e. feeding almost exclusively on ants and termites) (Challender et al., 2014;
Gaubert, 2011). Little more is known of their behavioral ecology, yet they are the most heavily
trafficked animal on the planet (Challender, 2008; Heinrich et al., 2017; IUCN, 2018; Shepherd,
2008; Zhang et al., 2015). The limited scientific information available on pangolins is
concerning, considering that all eight species are threatened with extinction (IUCN, 2018). The
primary threat to conserving wild pangolins is unsustainable levels of poaching for their scales
which are marketed for their use in traditional Chinese medicine (Challender et al., 2014, Zhou et
al., 2014). A substantial portion of the literature on pangolins details the degree to which this
illegal wildlife trade continues to decimate wild populations (Heinrich et al., 2017; Katuwal et
al., 2013; Zhang et al., 2015; Zhou et al., 2014). Conservation concern for pangolins is further
complicated by the challenges of studying them in the wild and the high mortality rate associated
with maintaining them in captivity (Challender et al., 2008; Challender et al., 2011; Clark et al.,
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2008; Heath and Vanderlip, 1988; Hua et al., 2015; Mohapatra and Panda, 2014; Zhang et al.,
2016; Zhang et al., 2017). For these reasons, the research available on pangolin behavior is
severely limited.
Thus far, behavioral studies on pangolins have focused on activity time-budgets
(Challender et al., 2011), captive observations and care guidelines (Heath and Vanderlip, 1988;
Hua et al., 2015; Thai et al., 2010; Zhang et al., 2016), prey-preference assessments (Pietersen et
al., 2015), and in rare cases, observations of pangolin behavior in the wild (Lim and Ng, 2007).
Research specifically on the foraging behaviors of pangolins and their sensory abilities is
particularly lacking. Studies on the brain anatomy of African tree pangolins (Phataginus
tricuspis) suggest they have enlarged olfactory bulbs relative to other mammals, but nonremarkable visual and auditory systems (Imam et al., 2017; Imam et al., 2018; Imam et al.,
2019). Behavioral anecdotes of pangolins using their elongated snouts and tongues to forage
seem to support the idea that they rely on olfaction and somatosensory information to find food
(Gaubert, 2011; Imam et al., 2017; Mohapatra and Panda, 2014; Thai et al., 2010). Although
pangolin vision is considered relatively poor (Gaubert, 2011; Mohapatra and Panda, 2014;
Khatiwada, 2016), recent research on the anatomy of the pangolin eye suggests it may be welladapted for their nocturnal environment (Adekanmbi et al., 2017). Research on pangolin audition
is particularly sparse, with mixed reports on the quality of their hearing (Gaubert, 2011;
Mohapatra and Panda, 2014), and no direct evidence of how they might integrate acoustic
information into their behavioral ecology (Imam at al. 2019). To complement or enhance the
limited information on pangolin foraging behaviors, it may be helpful to also consider the
foraging behaviors of other species which evolved under ecological circumstances that are
similar to the pangolin, as well as the ecology of the pangolin’s prey.
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For some time, pangolins were classified into the Xenarthra order alongside other
insectivores (e.g. armadillos, anteaters) given their remarkably similar physiologies, ecological
niches, and comparable diets (Gaubert, 2011; Rose and Gaudin, 2010). Recent phylogenetic
research has revealed that pangolins are more closely related to the Carnivora order (e.g. canids,
felids), however, and are now classified into their own order (Pholidota) which only consists of
pangolins (Gaubert, 2011; Rose and Gaudin, 2010). Though the similarities pangolins share with
Xenarthra may be merely due to convergent evolution (Gaubert, 2011), given their similar
ecologies, what we know about the two different taxa could support our investigation of pangolin
foraging behaviors. Anteaters, like pangolins, share many of the predatory specializations that
are associated with a lifestyle of feeding on ants and termites. They have powerful claws that are
used to tear through the nests of their prey, downward-sloping and elongated snouts, and a long
protruding tongue which is used to reach into the cavities of insect nests (Cuhna et al., 2015;
Eguizabal et al., 2013; Gaubert, 2011; Naples, 1999). This physiology is remarkably similar to
pangolins. Given that anteaters are primarily nocturnal and feed on small insects, the majority of
which are visually concealed within nests, it is believed that anteaters also primarily hunt with
their sense of olfaction (Cuhna et al., 2015; Eguizabal et al., 2013; Naples, 1999). Despite these
similarities, the foraging behaviors of Xenarthrans should be cautiously used as a behavioral
proxy for pangolins. As we have seen in the turkey and black vulture, it is possible for sympatric
species with remarkably similar ecologies (Grigg et al., 2017; Potier et al., 2017) to nonetheless
evolve entirely different foraging strategies. It would therefore be presumptuous to make farreaching assertions about pangolin foraging behaviors based on a geographic and evolutionarily
distant species.
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Similar to how much can be learned about the foraging behaviors of elephants, NHPs,
and raptors based on the sensory characteristics of their food, it is possible to make inferences
about pangolin behavioral ecology based on what is known of their prey. While some research
has investigated prey preference for certain pangolin species (Pietersen et al., 2015; Thai et al.,
2010), more research is needed on which ant and termite species are valued by each of the eight
pangolin species, given the differences in their geographic distribution and habitat variation.
Nonetheless, there is consistent evidence throughout the pangolin literature to suggest that all
species prey on ants and termites, almost exclusively (Challender et al., 2014; Gaubert, 2011;
Mohapatra and Panda, 2014; Thai et al., 2010). Although it is unlikely that a single or small
group of these insects provides salient visual cues to be exploited by pangolins, it is possible that
the nests of these insects may provide some salient information for them. Ants and termites also
do generate sound in the form of conspecific communication and as a byproduct of locomotion,
though such sounds occur at particularly low intensities (Imam et al., 2019; Hickling and Brown,
2000). While it is possible that pangolins use visual or acoustic cues to locate their prey, the most
prevalent ecological signature of ants and termites are the large quantities of chemosensory scent
trails which they generate for communication and navigation (Billen and Morgan, 1998; Blum,
1970; Weatherston and Percy, 1970; Zube et al., 2007). Considering the coevolution that can
take place between prey and predator, it might make more sense that the predatory habits of the
pangolin would have evolved to exploit the more obvious chemosensory signatures generated by
their prey (Brodie et al.,, 2002; Cortez and Weitz, 2014; Downes and Shine, 1998). This
olfaction-based foraging strategy not only supports the physiological evidence which suggests
that pangolins have a capable sense of smell (Gaubert, 2011; Imam et al., 2017; Mohapatra and
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Panda, 2014; Thai et al., 2010), but would also provide context on how the pangolin functions
within its myrmecophagous niche.
To my knowledge, there are no controlled studies directly investigating pangolin foraging
behavior. The focus of this thesis was to evaluate the sensory capacities of Sunda pangolins by
designing foraging tasks and isolating the sensory information presented in each one. The Sunda
pangolin (Manis javanica) is a semi-arboreal Asian species of pangolin that has been listed as
critically endangered (Challender et al., 2011; Thai et al., 2010; IUCN, 2018). Alongside the
Chinese pangolin (Manis pentadactyla), the Sunda pangolin has been rated as one of the most
endangered species of pangolins worldwide (EDGE, 2019). Opportunities to study this species in
the wild are rare and there is limited success maintaining them in captivity (Challender et al.,
2011). A wildlife hospital in Kanchanaburi, Thailand presented a rare opportunity to study three
rehabilitated Sunda pangolins ex situ after they were rescued from the illegal wildlife trade. We
designed a set of experiments aimed at isolating specific sensory perspectives to see which type
of information was relevant to these pangolins in a “find the food” task. Using the two-object
choice method, the pangolins were given two options, one containing food (weaver ants, Fig. 1)
and the other empty. By controlling the presentation of the choices over different testing
conditions, I planned to measure under which ‘sensory’ condition the pangolins performed best
at locating food. Each condition was intended to reflect a modified ecological scenario that the
animal might encounter in the wild and test the animal’s ability to exploit a singularly isolated
stimulus.
The first phase of experiments investigated the pangolin’s use of vision, sound, and smell
to locate food. I hypothesized that the subjects would perform well in the olfaction foraging
tasks, but not in visual or acoustic tasks based on the following rationale. First, the sensory
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information in the existing pangolin literature which suggests they are olfactory predators was
consistent with my own personal observations, where I noted that our subjects demonstrated an
elevated rate of sniffing and exploratory behavior led by their snouts in non-experimental
foraging bouts. Secondly, the ecology of pangolin prey suggests they may leave chemosensory
information behind for conspecifics that could be used by pangolins to find them. Additionally,
the physiology of pangolins – specifically their small eyes and large snouts – may be more
adapted to evaluate olfactory rather than visual information. Lastly, the similar foraging
strategies employed by other myrmecophagous predators which evolved under comparable
ecological pressures provide some framework to suggest that pangolins likely use olfaction to
locate their prey. While the discrimination tasks of phase I focused on what sensory modality
may be most relevant to pangolin foraging behaviors, the testing in phase II was intended to
investigate how pangolins functionally utilized this sensory information across different
ecological scenarios.
Given that only the olfactory results from phase I were significant (see the results section
for details), phase II of experiments exclusively focused on the olfactory domain. Specifically, I
used two novel tasks to investigate whether or not pangolins use the distant or proximal odor of
prey to find their food. I hypothesized that pangolins would perform well across both ecological
tasks. First, an animal which relies on its sense of smell to find food, and therefore survive,
should have evolved a varied repertoire of detecting prey odors. Second, wild pangolins likely
encounter situations in their natural habitats where prey odors are not readily available and their
ability to detect such odors from a distance would greatly benefit their survival strategy. Lastly,
the scent trails generated by pangolin prey provide an abundance of proximal cues which
pangolins could follow to a nest site and enhance their foraging efficiency.
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This thesis aims to provide the first evidence of the pangolin’s use of non-visual sensory
information in localizing its food, and to lay the groundwork for future investigations of physical
and social cognition in pangolins. This study focused specifically on foraging for two reasons: 1)
it provided an opportunity to investigate the pangolin’s use of sensory information using food as
the primary stimulus and 2) it presented a unique way to inform conservation protocols by
focusing on the animal’s sensory needs within its natural, physical environment. From an applied
conservation perspective, understanding how pangolins locate and pursue their prey could be
applied to better locate, monitor and protect both the wild pangolins themselves and the foodrelevant resources which they value as well. Furthermore, considering the high mortality rate of
captive pangolins (Challender et al., 2011; Wilson, 1994; Zhang et al., 2016), an understanding
of an essential behavior such as foraging could potentially reduce stress for captive animals if
this information is used to create or improve naturalistic foraging conditions.
Methods
Subjects and research location
This study was conducted in collaboration with and on the property of the Mahidol
University, Livestock and Wildlife Hospital in Kanchanaburi, Thailand. One function of this
government university hospital is to take in pangolins and other species seized from the illegal
wildlife trade and attempt to rehabilitate or release them. Under the supervision of full-time
veterinarians, I was given access to three Sunda pangolins (one female, two males) from
January-March and June-July, 2018 for this study. Because the pangolins were wild-born, the
age of the subjects was unknown. Given that the subjects showed behavioral signs of sexual
maturity (e.g. mounting, scent marking), were housed at the hospital for three years prior to our
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experimental testing, and had the physical appearance of adults upon admission to the hospital,
we estimated them to be at least four years of age.
The duration of this research was split into two project phases, the first being JanuaryMarch (dry-season) and the second, June-July (wet-season). In phase I of the project, I tested the
subjects on their ability to locate food, a sample of red weaver ants (Oecophylla smaraddina),
(Fig. 1) across foraging tasks within three sensory domains: olfactory, visual, and acoustic (see
Plotnik et al., 2014 for similar procedures on which the current research is based). Due to the
significant results in olfaction discrimination in phase I, phase II expanded testing on the
olfaction domain with the use of more dynamic, cognitive foraging tasks. Given the nocturnal
behavior of the Sunda pangolin (Challender et al., 2011; Gaubert, 2011; Lim, 2008; Thai et al.,,
2010), all testing was conducted at night, starting at approximately 1900 hrs ICT and ending
around 0100 hrs ICT. Since excessive exposure to artificial light can stress or alter the behavior
of nocturnal animals, its use was kept to a minimum (Dimovski and Robert, 2018; Finley, 1959;
Fobert et al., 2019). The experimenter used a headlamp with a low luminosity, red-light beam to
navigate the testing area, briefly switching to white-light only when necessary. There were no
noticeable changes in the pangolins’ behavior as the experimenter briefly alternated from redlight to white-light, suggesting that brief exposure to the latter likely did not impose undue stress.
All experimental conditions were recorded using the built-in infrared NightShot capabilities on a
SONY FDR-AX100 camcorder. Trials were coded for the pangolin’s container choice in realtime by the experimenter (J.D.D).
The pangolins were housed in two separate enclosures (one male housed alone; one male
and female housed as a pair) in an outside, semi-enclosed facility. Pluto was the solitary male
and voluntarily participated in all tested conditions across both phases I and II. Bert, the other
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male which was housed together with the female, did not advance beyond initial acclimation and
training phases of this project (see discussion for details). No data were collected on this subject.
Betty, the female, completed most of olfaction discrimination testing (see results for precise
data), but failed to participate in any further testing (see discussion for details). All subjects were
tested directly within their enclosures to minimize stress associated with handling and excessive
exploratory behavior that might arise by testing the animal in a foreign environment. This study
was reviewed and approved by Hunter College’s Institutional Animal Care and Use Committee
(IACUC: protocol # JP-pangolin-11/17).
Project phase I: Sensory modalities used in foraging tasks
For project phase I, I used a basic two-object choice task. This method has been
successfully used in behavioral studies across a variety of non-human animal species (e.g.,
Kaminski et al., 2005; Miletto et al., 2018; Plotnik et al., 2014). In simple terms, this task
involves giving the subject two options to select from in a given timeframe. The two choices
presented to the pangolins were plastic containers with clasp-locking lids (Fig. 2). A food reward
was hidden inside one of the two containers across all trials. The stimuli used as the food reward
were red weaver ants (Oecophylla smaragdina), a semi-arboreal species of ants which make their
nests in trees (Offenberg et al., 2004; Tsuji et al., 2004) and are native to the home-range of
Sunda pangolins in Thailand. The weaver ants used in testing were either obtained from a local
ant dealer (dead ant food reward) through the hospital’s veterinary team or captured live (live ant
food reward) on the university campus. The local dealer delivered dead ants to the animal
hospital, which were then stored in a freezer and thawed six hours prior to testing. The
composition of dead ants included mature ants, larvae, eggs, and occasional sparse foliage that
was inadvertently included during collection. This foliage was removed prior to testing. I
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procured the live weaver ants (Fig. 1b) by cutting low-hanging nests out of trees twenty minutes
prior to testing. These weaver ants construct their oval-shaped nest by adjoining leaves together
with an adhesive silk-substance that is excreted by their larvae (Offenberg et al., 2004; Tsuji et
al., 2004). Both the live ants (mature ants, larvae, eggs) and the leafy substrate composing their
nests were collectively used as the stimuli during acoustic testing. All conditions, except the two
acoustic conditions, used the dead ant food reward (Fig. 1a).
a)

b)

Figure 1: Weaver ant food rewards used for testing: a) dead ant food reward and b) live ant food reward.

Phase I conditions were presented in the following order: olfactory, visual no-light, visual
light, acoustic untreated, and acoustic treated. Based on the condition being tested, certain
physical aspects of the containers were manipulated. To isolate sensory information relevant to
each condition, we manipulated the following aspects of the containers: 1) the transparency of
the containers to occlude or provide visual information, 2) the use of airtight or porous lids to
occlude or provide, respectively, olfactory information, and 3) baiting the containers with dead
or live ants to occlude or provide, respectively, acoustic information (Fig. 2). For each condition
tested, only one of the three aforementioned pieces of sensory information was provided while
the other two were occluded. All conditions tested in the first phase followed the same general
procedure.
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a)

b)

c)

Figure 2: Pictures of stimulus
containers used for each testing
condition. a) Top left: visual. b) Top
right: olfaction. c) Bottom left: acoustic
and control containers. The only
difference between control and acoustic
containers was the type of bait used.
Live ants were used in acoustic test
trials and dead ants for all control trials.
In all trials of every condition, one of the two containers was baited with food while the

other remained empty. The baiting of these two containers was pseudo-randomized to prevent
associative learning, however, both containers were baited an equal number of times within a
testing session. To prevent issues with side-biasing, no container was baited more than three
times in a row within a testing session. This aforementioned baiting procedure was consistent
across both phase I and phase II of testing.
Each trial in phase I had two stages – an investigation stage and a choice stage (Fig. 3a &
3b). In the investigation stage, the pangolin walked into the testing apparatus, which was a
rectangular box constructed of plywood (Fig. 4). The apparatus had three standing walls and one
opening for entry and exit. Once the pangolin voluntarily walked into the apparatus, it would
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face a mesh-screen that would be lifted vertically and removed by the experimenter. The purpose
of the screen barrier was to prevent the pangolin from prematurely entering the investigation area
as the experimenter reset the stimuli in-between trials. Once this screen was removed, the subject
would have access to two stimulus containers positioned adjacent to each other (Fig. 3a; Fig. 4).

a)

b)

Figure 3: The diagrams represent an overheard view of the apparatus and procedure for all conditions tested
in phase I. Diagrams are not drawn to scale. a) The investigation stage within a trial. b) The choice stage within a
trial. All tested conditions for project phase I followed this procedure.
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Each container was fastened to a sliding platform with upright handles attached to them
so that the experimenter could adjust the position of the platforms in-between trial stages (Fig.
4). After establishing contact with the containers, the pangolin had 10 seconds to investigate both
choices. The criterion for ‘contact’ was when the pangolin’s snout or claws touched one of the
two adjacent stimulus platforms. The pangolin would be allowed to get as close to both
containers as it wanted without restriction. Once this 10 second period elapsed, the investigation
stage would be over. The experimenter would then simultaneously withdraw both containers by
sliding the stimulus platforms away from the pangolin and into the far corner of the apparatus,
farthest from the entrance (Fig. 3b). This would initiate the choice stage of the trial.
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Figure 4: Photograph of the experimental setup and testing apparatus used for all phase I testing (The
containers in this photograph are controlled for a visual condition trial). The top of the photograph is the apparatus
entrance at which the pangolin voluntarily entered. Once the pangolin entered, the screen barrier was removed to
give access to the stimulus containers.

In the choice stage, both containers were separated by a 40 cm partition (Fig. 3b; Fig. 4)
to make the decision-making process as definitive as possible to both the experimenter and the
pangolin. The pangolin would be allowed 30 seconds to make a choice. The criterion for ‘choice’
was when the pangolin touched one of the two containers with its snout or claws. Once a choice
was made, the experimenter opened the chosen container for the pangolin, then immediately

29
withdraw the other container. If the pangolin failed to make a choice within 30 seconds or left
the apparatus without making a choice, the testing apparatus and stimuli would be reset. Subjects
were tested once per day across both phases I and II. Testing was conducted on consecutive days
unless the subject failed to voluntarily participate, in which case testing was delayed until the
next day.
Control trials were pseudo-randomly interspersed throughout sessions to see if the
pangolins were able to correctly choose the baited container even if all sensory information was
occluded. Success on these trials would suggest that the pangolins may have been using other,
inadvertent cues to find the food. These controls were designed to eliminate all sensory
information so that the pangolin could not use olfactory, visual, or acoustic information from the
food to find it. To do this, opaque containers with airtight lids were used so that no visual or
olfactory information would be available to the subject (Fig. 2c). The baited control container
would contain dead ants as this would ensure no acoustic information would be emitted from
either the baited or empty container. There was no deviation from this control procedure
throughout the entire duration of testing (i.e. for both phase I and phase II).
Olfaction discrimination
The olfactory discrimination condition consisted of four sessions of 12 trials (eight test
and four control; Table 1). Throughout olfaction testing, the pangolin was offered two opaque
containers which were each fitted with porous lids (Fig. 2b). This design effectively blocked
visual access to the container’s contents, yet allowed for scent detection if the container was
baited. The food reward in the baited container was 35 grams of dead ants (Fig. 1a). The use of
dead ants ensured no acoustic information was available to the pangolin in its decision-making
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process. The 35-g amount of dead ants for each trial within a non-acoustic condition was
determined based on the average weight of a live ants’ nest minus the substrate, as well as a
relatively equal distribution of the pangolin’s daily diet across an evening’s test trials as
determined by the hospital’s veterinary staff.
Visual discrimination (no-light, light)
The ‘visual’ tasks consisted of two conditions: 1) visual testing without artificial light
(visual no-light) and 2) visual testing with artificial light (visual light). Four sessions of 12 trials
(eight test and four control) were presented for each of the two visual conditions (Table 1). The
stimulus containers used for both conditions were transparent and fitted with a solid lid, sealed
air-tight to the container base (Fig. 2a). The same food reward used in olfaction was used for
both visual conditions. With this experimental setup, the only piece of information available to
the pangolin was visual access to the interiors of each container.
While it may seem paradoxical to test a nocturnal animal under the presence of light,
some studies have found that light can have ecological value to nocturnal animals (Clarke, 1983;
Gaffin et al., 2012; Lillywhite et al., 2012). Given that little is known about pangolin vision
beyond anecdotes, we wanted to be thorough with our visual testing. For this reason, we
presented the pangolins with visual tasks across varying light levels. In the ‘visual light’
condition, a Bontrager Ion 800 LED light was fastened to the testing apparatus and faced
downward over the stimulus containers (Fig. 5). The light was adjusted to its lowest setting and
x-ray film paper was placed over the lens to act as a filter and scatter the concentrated beam (Fig.
5). This was done to reduce the intensity of the light stimuli, which could potentially stress or
deter the pangolin, while still providing enough illumination for the testing area (Fig. 5). Visual
testing in the absence of supplemental light (visual no-light) was performed in near-complete
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darkness. All the lights of the testing facility were turned off and the only light activated within
the testing area was the low-luminosity, red-light headlamp worn by the experimenter that
provided enough light to operate the experiment and record data. Extraneous light variables that
could not be controlled were moonlight (depending on the lunar cycle, weather) and ambient
university campus lights which were approximately 25 m from the testing area.

Figure 5: The lighting device (right) and set-up of the testing apparatus (left) for visual testing under the presence of
light (visual light condition). The lens of the lighting device was covered in x-ray film paper to act as a filter which
would scatter the white-light beam. This reduction in the lighting device’s intensity was intended to mitigate any
stress imposed onto the pangolin by exposing it to white-light.

Acoustic discrimination
All acoustic testing involved the use of opaque, air-tight containers fitted with solid lids
(Fig. 2c). This setup prevented visual and olfactory access to the container contents. Live weaver
ant nests (Fig. 1b) were used as the stimulus in the baited container instead of dead ants for this
condition. The gross average weight of the ant nests was 45 grams and this included both the
weight of the live ants (mature ants, larvae, eggs) and the natural substrate (leaves) of the nest.
For all acoustic testing, live ants were collected from the wild and stored in the same containers
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used for testing. During the collection process, the ants became aggressive and highly active. As
a result, some of them escaped and crawled on the outside of the testing container before it could
be locked. During the first three sessions of acoustic testing, the experimenter used a dry towel to
thoroughly wipe the outside of the containers. This was done to remove any remaining ants
which may have escaped as well as any debris that may have accumulated during collection.
These containers were then left to sit for 20 minutes prior to being used in testing. These initial
three sessions have been labeled as the ‘acoustic untreated’ condition (for additional details, see
discussion). Each of these sessions was composed of 12 trials (eight test and four controls; Table
1).
The next three sessions of acoustic testing were designated as the ‘acoustic treated’
condition. There was a concern during the first three ‘acoustic untreated’ sessions that the
pangolin may have been detecting residual olfactory cues left by the ants which crawled on the
outside of the containers during collection. Thus, all containers used in the ‘acoustic treated’
condition were 1) cleaned with soap and water, 2) thoroughly wiped down with a towel, and 3)
left to sit 20 minutes prior to testing (for additional details, see discussion). All containers used in
the ‘acoustic treated' condition were cleaned with the same method to prevent the pangolin from
potentially associating any residual soap odors with the baited container. Each ‘acoustic
untreated’ session was composed of 12 trials (eight test and four controls; Table 1).
There was one deviation in the acoustic procedure from the other conditions tested. In the
other tested conditions (e.g. olfaction, visual) from phase I, when the pangolin made a choice
within a trial, the experimenter would open the clasp-locked container and reveal its contents (or
lack thereof if the container was empty). There were several logistical challenges in doing so
with live ants. The primary concern was that the pangolin might become distracted by live ants
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freely moving throughout the apparatus once these containers were opened. Instead, if the
pangolin selected the baited container in the choice stage of a trial, it was immediately given a
food reward of dead ants (35 grams) directly adjacent to the selected, live-ant container. If the
pangolin selected the non-baited container, the experimenter followed the same procedure that
was used in other conditions and simply open the empty container for the pangolin.

Condition
Olfaction
Total Olfaction:
Visual no-light
Visual light
Total Visual:
Acoustic untreated
Acoustic treated
Total Acoustic:

# Sessions Tested
4
4
4
4
8
3*
3*
6*

Test Trials
(per session)
8
32
8
8
64
8
8
48

Control Trials
(per session)
4
16
4
4
32
4
4
24

Table 1. Breakdown on the number of sessions, test trials, and control trials for each condition in phase I.
*Please refer to the discussion for context as to why three sessions were tested for each acoustic condition rather
than the targeted four.

Project Phase II: Applied olfaction across ecological contexts
Olfaction distance
The procedure for olfaction distance testing was similar to that used for olfaction
discrimination in phase I. The containers used in olfaction distance test trials were identical to
those used in olfaction discrimination. The food reward was 35 g of dead ants. As was the case
with all prior testing, one stimulus container was always baited while the other was always
empty. Despite the procedural similarities between olfaction discrimination and distance testing,
there were three changes which distinguished the two conditions. First, in olfaction
discrimination testing, the pangolin could both touch and smell the stimulus containers in the
investigation stage of a trial. In olfaction distance testing, the pangolin could only smell the
containers from a distance of 30, 60, or 90 cm, but would be unable to touch them. Second, the
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pangolin now had 15 s to investigate the stimulus containers in distance testing during the
investigation stage, compared to the 10 s which was allotted for the olfaction discrimination task
(see discussion for details on this change). Third, the stimulus containers were presented to the
test subject on a vertical plane in olfaction distance testing, compared to the horizontal plane
used in olfaction discrimination. Since the Sunda pangolin has been noted for its arboreal
foraging behavior (Thai et al., 2010; Wilcox et al., 2019), olfactory distance testing was
conducted on this vertical plane to best replicate a foraging situation that a wild pangolin might
encounter as it walks through a forest in search of arboreal prey. Thus, instead of the
investigation area being on the floor of the testing apparatus, it was now positioned overhead on
a wooden plank (Fig. 6). This plank ran the width of the investigation area and had two adjacent,
five-inch diameter holes cut into its center. These holes were called ‘investigation windows’. For
each trial, two olfactory stimulus containers were placed with their porous-lids facing down on
the top of two solid PVC tubes of equal length (Fig. 6). These PVC tubes rested on top of the
investigation windows and were the mechanism by which we created an absolute distance
between the pangolin and the olfactory stimulus containers. With this new design, once the
pangolin walked into the apparatus, a screen barrier was removed (same as in the phase I
procedure) to provide it with access to the investigation area (Fig. 6a). Once in the investigation
area, the pangolin would have to stand on its hind legs and put its head into the windows
overhead to investigate the stimulus containers.
Each trial within olfaction distance testing (and training) had an investigation stage and a
choice stage (Fig. 6). In the investigation stage, the pangolin used the allotted 15 s to explore
both of the overhead investigation windows. Once this time elapsed, the containers were
removed from the top of the PVC extensions and then placed on the floor of the choice area,
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directly in front of their respective windows (Fig. 6). The pangolin would then have 30 s to select
one of the two containers from the choice area once they were placed on the floor. As was the
case with all prior testing in phase I, the choices would be separated by the 40-cm partition in the
choice area (as seen in Fig. 3b and Fig. 6). Once a choice was made, the lid to that container was
removed and the other container was withdrawn from the apparatus.
Due to the alteration of the apparatus and experimental procedure for this condition,
testing was preceded by training sessions. Training was intended to ensure that the animal
sufficiently understood what was being tested, that the quantity of food used as a reward was
sufficient for detection on the new testing plane, and that the animal could spatially orient within
the apparatus. All training sessions were composed of eight trials. Short distances were used for
training to best provide the pangolin with the opportunity to learn that food would now be
available overhead. For the first training session, the stimulus containers were placed directly on
top of the investigation windows so that there would be zero-added distance between the
pangolin’s nose and the containers once the animal stood vertically. The pangolin reached the set
criterion of 80% correct (i.e. 7/8 trials correct) within this first training session. Subsequently, the
pangolin was then trained on a distance of 15 cm to ensure that he understood the task with all of
the apparatus components in place and could still detect the food reward with some added
distance. The subject reached the same criterion of 80% (i.e. 7/8 trials correct) by his third
training session at 15 cm.
Following completion of this training, the subject participated in the test condition
consisting of ten sessions. Each testing sessions was composed of eight trials (six test and two
control; Table 2). Three distances were tested: 30, 60, and 90 cm, and each distance was tested
twice within a single session. Control trials, which employed the use of the same control
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containers (non-porous, opaque, dead ants) from phase I, were conducted at a distance of 30 cm.
Only one subject (Pluto) participated in this testing condition.
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a)

b)

c)

Figure 6: Image and diagrams of the ‘olfaction distance’ testing apparatus and procedure. a) Image of the
experimental setup for ‘olfactory distance’ testing. Similar to Phase I, the pangolin entered the chamber (from the
top of the image), the screen was removed, and the pangolin could investigate the two containers, which were
positioned on top of PVC pipes above the pangolin’s head. This photograph represents a 15-cm training trial. b)
Side-profile diagrams of the investigation stage in olfaction distance test trial. c) Side-profile diagram of the choice
stage in an olfaction distance test trial.
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Scent trail testing
There were several differences in the procedure and apparatus set-up for ‘scent trail’
testing compared to all prior olfactory testing. For ‘scent trail’ testing, thin plywood planks
covered in strips of cloth tape were used as makeshift trails (called hereafter, ‘trails’). Two of
these trails would be placed onto the floor of the apparatus for each trial and would lead to their
own container. These trails would run the length of the apparatus, starting at the entrance and
proceed to the choice area at the opposite end of the apparatus (Fig. 7). The planks were
positioned in a “V” shape, so that they were adjacent at the apparatus entrance but would be
incrementally spaced apart as they approached their respective container. The trails were
specifically spaced with this method to prevent the pangolin from perceiving both individual
trails as one large trail. Once the pangolin voluntarily walked up to the apparatus, a screen barrier
was removed from the apparatus entrance in order to grant it access to the testing chamber.
Similar to all prior testing, the purpose of the barrier was to prevent the pangolin from
prematurely entering the testing area while the experimenter reset the stimuli in between trials.
After this barrier was removed, the pangolin had unrestricted access to these scent trails, with no
structural guides in place that forced it to walk directly over one of the two planks. In this set-up,
there was no investigation or choice stage, rather, once the pangolin entered the apparatus, it
could continue towards the containers via one of the two scent trails, uninterrupted. The
containers, which were placed at the end of each scent trail in the choice area, were separated by
the same 40cm partition that was used for all prior testing (Fig. 7). Since there was no transition
from investigation to choice stages within ‘scent trail’ testing, the containers remained in the
same exact spot throughout each trial. The trial began once the pangolin entered the apparatus
and terminated once a container was selected.
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a)

b)

c)

Figure 7: Image and diagrams of the ‘scent trail’ testing apparatus and procedure. a) Experimental setup for
‘scent trail’ testing in Phase II. Once the pangolin entered the testing apparatus, it could follow the scent on either of
two wooden planks that led to a baited (‘food’ plank) or unbaited (‘water’ or ‘mint’ plank) container. b & c) The
diagrams represent an overheard view of the testing procedure for the ‘scent trail’ condition. Unlike other tested
conditions, there are no investigation or choice stages for ‘scent trail’ trials.
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Due to the pangolin’s natural tendency to use its snout to smell as it moved through the
apparatus, no training was needed for this condition. Test trials made use of the two strips upon
which a different scent was smeared on each using a sponge. Once the pangolin voluntarily
walked into the testing apparatus, it had 30 s in which to make a choice. As soon as he reached
one of the two containers, the lid for that container was unlocked and removed. Both the
foregone choice and its respective scent trail were then removed from the apparatus. Each trial
began once the pangolin entered the apparatus and terminated once a container was selected.
There were two types of test trials for the ‘scent trail’ condition: 1) food vs. water (F vs.
W) and 2) food vs. mint (F vs. M). For all test trials, the food (F) scented trail always led to the
baited container. This scent was extracted by taking dead weaver ants and pressing them within
the barrel of a syringe, producing a concentrated liquid extract. In the ‘F vs. W’ test trial, the
scent of ants (F) was applied to one trail while plain tap water (W) was applied to the non-food
bearing trail (F vs. W). The ‘W’ trail acted as a control for a scent ‘smear’ by providing
comparable characteristics of the ant ‘smear’ without the odor of prey. For the other type of test
trial, the scent of ants (F) was applied to one trail with the non-prey odor of mint (M) was
applied to the alternative trail (F vs. M). The mint odor was produced by gathering wild mint
leaves which were then diced and allowed to soak in warm water 30 minutes prior to testing. The
resulting extract (devoid of leaves) was smeared on its own plank. This condition investigated
whether the smell of a non-prey, naturally occurring odor was distracting or potentially more
interesting than prey-derived odors. Phase I control containers were used as the stimulus
containers in test trials for this condition as we wanted the subject to make olfactory decisions
based on the trail scent without being influenced by the odor of the food inside the container.
‘Scent trail’ control trials followed the same procedure as all prior testing except that for this
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condition, trail strips (e.g. plywood plank with cloth tape) devoid of any smear lead to their
respective control containers. This condition consisted of ten sessions, each consisting of eight
trials (six test and two controls; Table 2). Of the six test trials, three were ‘F vs. W’ and three
were ‘F vs. M’.

Condition
# Sessions Tested
Olfaction distance
10
Total Olfaction Distance:
10
Scent trail
10
Total Scent Trail:
10

Test Trials
(per session)
6
60
6
60

Control Trials
(per session)
2
20
2
20

Table 2. Breakdown on the number of sessions, test trials, and control trials for each condition in phase II.

Analyses
Due to the fact that this study consisted of only two pangolins, and only one of them
completed all conditions, opportunities for statistical analyses were limited. Thus, all of the raw
data are presented in Table 3 of the results section. The results of each condition at the level of
the individual were subjected to two-tailed binomial tests with an alpha level of P0.05.
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1

Results
Phase I
Pluto ♂
Betty ♀

Olfaction
T
C
27/32*
6/16
20/20*
1/8

Visual – Light
T
C
19/32
9/16

Visual – No Light
T
C
17/32
9/16

Acoustic – Untreated
T
C
15/24
8/12

Acoustic – Treated
T
C
11/24
6/12

2
Phase II
Pluto ♂

Olfactory distance
T-30cm
T-60cm
T-90cm
10/20
10/20
8/20

C
8/20

Scent trail
T-F vs M T-F vs W
20/30
20/30

C
9/20

3
4
5
6
7
8
9
10
11
12
13
14
15

Table 3. Raw data for both subjects (‘Pluto’, the male, and ‘Betty’, the female) across all test and control conditions in Phase I
and II. The ratios provided represent the number of trials in which the pangolin selected the correct, baited container (numerator) over
the total number of trials completed for each respective condition (denominator). The top of each column provides an abbreviation of
the condition tested with the type of trial listed below. Control trials are represented by “C” and are shaded in grey. Test trials are
represented by “T”. In Phase I, the olfactory condition was comprised of only one type of test trial, while visual and acoustic
conditions included two separate types each. In Phase II, the ‘olfactory distance’ condition was comprised of three types of test trials
based on the distance at which the stimuli were presented, and are delineated in the table by this distance in centimeters (cm). There
were two types of test trials in the ‘scent trail’ condition. ‘Scent trail’ test trials which provided a food vs. mint scent pair are
represented by “F vs M”. Test trials which provided a food vs. water scent pair are represented by “F vs W”. Ratios that are bolded
and marked with an asterisk indicate that the pangolin performed significantly better than chance (P<0.05) (*binomial test, two-tailed).
See the methods section for details on each condition across the two phases.
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Project Phase I: Sensory modalities used in foraging tasks

17

Olfaction discrimination

18

Pluto completed four sessions of testing for the olfaction condition, scoring 84.38%

19

accuracy across 32 test trials (P<0.001; Table 3) and 37.50% accuracy for the 16 control trials
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(P=0.454.). Betty scored 100% accuracy in olfaction test trials (P<0.001), but only completed 20
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out of the targeted 32 test trials (roughly two and a half sessions). The lack of participation from
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this subject was likely influenced by several factors, but due to husbandry concerns, she did not
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participate in any further testing (see discussion for details). Only 8 of the 16 targeted control
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trials were completed by Betty. She scored a cumulative accuracy of 12.5% (1/8) on these

25

control trials (P=0.070).

26

Visual discrimination
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Across both visual conditions, Pluto completed eight sessions. Of the eight sessions, four

28

were tested in the presence of supplemental light (visual light) and four sessions were tested in

29

the absence of supplemental light (visual no-light). Pluto scored 56.25% accuracy across all 64

30

vision test trials (P=0.382; Table 3) and 56.25% on all 32 vision control trials (P=0.597). Pluto’s

31

accuracy in ‘visual light’ and ‘visual no-light’ test trials was 59.38% and 53.13%, respectively.

32

Acoustic discrimination

33

Six total sessions were tested across the acoustic domain (three were not cleaned prior to

34

testing – ‘acoustic untreated’, while the subsequent three were – ‘acoustic treated’). Across all 48

35

acoustic test trials, Pluto scored 54.17% accuracy (P=0.665; Table 3). Pluto’s accuracy across the

36

24 control trials was 58.33% (P=0.152). Pluto’s performance on test trials decreased 16.67%

37

between the first three ‘acoustic untreated’ sessions (62.50%) and the last three ‘acoustic treated’

38

sessions (45.83%).
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Project Phase II: Applied olfaction across ecological contexts

40

Olfaction distance

41

Through the ten sessions of olfaction distance testing, Pluto scored 50.00% accuracy

42

across the 20 test trials at 30 cm added distance (P=1.000; Table 3), 50.00% across the 20 test

43

trials at 60 cm added distance (P=1.000; Table 3), and 40.00% accuracy across the 20 test trials

44

at 90 cm added distance (P=0.503; Table 3). Pluto’s cumulative accuracy across all 60 test trials

45

was 46.67% (P=0.699). Across the 20 control trials throughout all olfaction distance testing,

46

Pluto scored 40.00% (P=0.503).

47

Scent trail

48

Testing for ‘scent trail’ was conducted over ten sessions. Pluto scored 66.67% accuracy

49

across all 60 test trials (P=0.013; Table 3) and 45.00% accuracy through the 20 control trials

50

(P=0.824). Of the 60 total test trials, 30 trials were food vs. mint (F vs. M) and 30 trials were

51

food vs. water (F vs. W). Pluto scored 66.67% accuracy on both ‘F vs. M’ test trials and ‘F vs.

52

W’ test trials, but the results were not statistically significant in either type of trial in a two-tailed

53

binomial test (P=0.099).

54

Discussion

55

General

56

In this study, Sunda pangolins were subjected to two experimental phases aimed at first

57

assessing whether they used olfactory, visual or acoustic information to find food (phase I), and

58

then investigating how one pangolin used olfactory information to find it (phase II). The ability

59

of two pangolins to find their food in a controlled olfaction discrimination task (phase I), in the

60

absence of visual and acoustic cues, suggests that pangolins may have the capacity to use their

61

sense of smell alone while foraging. These findings were consistent with our hypothesis for

45
62

phase I of testing, which stated that pangolins would be able to locate their food using only their

63

sense of smell. I had originally arrived at this a priori hypothesis based on the following four

64

rationales. First, the sensory information in the existing pangolin literature suggested that

65

pangolins are likely olfactory predators and this assertion was consistent with my own personal

66

observations. Specifically, I noted that our subjects demonstrated an elevated rate of sniffing and

67

exploratory behavior led by their snouts throughout non-experimental foraging bouts. Secondly,

68

the ecology of pangolin prey suggests they may leave chemosensory information behind for

69

conspecifics and the abundance of such olfactory cues could be exploited by pangolins. Third,

70

the physiology of pangolins – specifically their small eyes and large snouts – may be more

71

adapted to evaluate olfactory rather than visual information within foraging contexts. Lastly, the

72

similar foraging strategies employed by other myrmecophagous predators which evolved under

73

comparable ecological pressures provide some framework to suggest that pangolins likely use

74

olfaction to locate their prey. The strongest justification for my hypothesis was rooted on the

75

second rationale. Based on this, I believed that pangolin foraging behaviors should rely mostly

76

on olfaction and that the alternate sensory modalities had significantly less ecological relevance

77

within foraging contexts. As was hypothesized, my analysis found that the tested pangolin

78

subjects were primarily using olfactory rather than visual or acoustic information from their prey

79

to find it.

80

Though the olfaction discrimination results for both subjects in phase I were statistically

81

significant, the data collected on the female pangolin (Betty) was incomplete. Specifically, Betty

82

did not complete all olfaction discrimination testing and did not participate in any visual or

83

acoustic testing. The male pangolin (Pluto) completed all sensory discrimination tasks in the first

84

phase of testing, but did not perform statistically better than chance in any of the sensory tasks
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aside from olfaction discrimination. While the partial data recorded on Betty complements the

86

significant results from Pluto in olfactory discrimination testing, no further interpretations could

87

be made of Betty’s data due to the fact she was unable to move on to further testing.

88

The results of one pangolin (Pluto) in additional olfaction tests revealed that it was more

89

capable of using proximate prey odors to find its food rather than distant prey odors. While it

90

may seem obvious that ‘closer’ cues would be more salient and therefore easier to exploit, these

91

results contradicted part of my hypothesis for phase II. Specifically, I predicted that pangolins

92

should be able to use both proximate and distant prey cues to find their food given that their

93

physiological specializations and known ecology appear to be particularly shaped for olfaction.

94

These hypotheses were based on the following three pillars. First, an animal which relies on its

95

sense of smell to find food, and therefore survive, should have the capacity to exploit odors

96

across varying ecological contexts. Second, wild pangolins likely encounter situations where

97

prey odors are not readily available in their natural habitat and their ability to detect such odors

98

from a distance would greatly benefit their foraging strategy. Lastly, the scent trails generated by

99

pangolin prey provide an abundance of proximal cues which pangolins could follow to a nest site

100
101

and thus, enhance their foraging efficiency.
We feel that the mixed results from phase II can best be explained by evaluating the

102

olfactory properties of pangolin prey. The eusocial insects which pangolins prey on heavily rely

103

on their generation of scent trails to both communicate and navigate (Blum, 1970; Czaczkes et

104

al., 2012; Robinson et al., 2008; Weatherston, 1970). While the decay rates of such trails vary

105

with species, lasting from minutes to several days, they are nonetheless ephemeral in nature and

106

must be refreshed with activity to persist (Robinson et al., 2008; Shorey 1976). Thus, the

107

detection of such trails could be particularly advantageous considering that their presence might
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be an indicator of recent or current prey activity. Since these trails are also used by eusocial

109

insects to transport resources to and from their nests, pangolins may be able to follow these trails

110

to nest sites to increase their foraging yield. More research is nonetheless needed to test if these

111

prey odors are salient across long distances. Despite the data recorded on our one subject, we feel

112

that pangolins likely do have some capacity for olfactory distance discrimination. The foraging

113

specializations of pangolins may be most suited for exploiting proximate scent trails, however,

114

the ability to detect odors from a distance may aid in determining the directionality of a prey’s

115

location. Such directionality might be useful for pangolins while searching for food in the

116

absence of proximate scent cues or for understanding which direction of a scent trail leads

117

towards a nest once a scent trail is found.

118

Visual discrimination

119

While the subject, Pluto, tested in visual tasks did not demonstrate the ability to locate its

120

food using sight alone, it is possible that the methodology used may not have been sufficient to

121

exploit all aspects of pangolin vision. The stimulus used for visual testing in this experiment was

122

dead ants. Live ants were the ideal, ecologically valid stimulus to use for visual testing, but

123

created logistical difficulties when controlling for noise. If pangolin vision is more sensitive to

124

movement rather than stationary cues, this could help explain why the pangolin was unable to

125

find the food using visual stimuli alone in this design.

126

In terms of pangolin physiology, Imam et al. (2017) found that while the olfactory system

127

within the brain of an African tree pangolin (Phataginus tricuspis) was particularly developed,

128

the visual and auditory systems were not necessarily atrophied or under-developed. Corneal

129

extraction and analysis by Adekanmbi et al. (2017) found that P. tricuspis had capable ocular
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mechanisms which typically suit an animal specifically adapted to a nocturnal lifestyle. Though

131

these studies which specifically investigate pangolin vision are limited and relatively new, their

132

findings nonetheless challenge previous literature which suggested that their vision may be poor

133

(Gaubert, 2011; Mohapatra and Panda, 2014; Khatiwada, 2016). Furthermore, the rod-dominant

134

visual systems typically found in many nocturnal animals are particularly suited for detecting

135

movement rather than providing high resolution images (Kim et al., 2016; Levine, 2000). If

136

pangolin vision is similar to that of other nocturnal mammals, such movement-sensitive vision

137

may be more practical for other ecological functions, such as the detection of predators. With

138

this consideration, it may be prudent for future research to challenge the capabilities of pangolin

139

vision (or lack thereof) by using moving stimuli or prey within both foraging and non-foraging

140

contexts.

141

Pangolin vision could aid in other non-foraging functions beyond predator detection as

142

well. Based on the species, sex, and lifecycle events, pangolins have displayed a wide variety of

143

den selection behaviors (Lim et al., 2008; Bruce et al., 2018). While the absence of predatory

144

odors or the presence of a pangolin’s own prior scent markings (Bruce et al., 2018) may guide its

145

assessment of potentially viable nesting sites, it is possible that den selection may involve some

146

visual considerations of the site itself. Such considerations may involve the structural availability

147

of multiple entry-exit points to diversify escape options from potential predators, or overhead

148

floral cover to reduce exposure from the elements. Being able to identify what information a

149

pangolin uses to select an optimal den site could help conservationists better locate them in the

150

field or support ex situ efforts seeking to provide captive pangolins with naturalistic enclosures.

151
152

From an ecological perspective, sight may be the least practical modality for the pangolin
to employ while searching for their small prey at night. Nonetheless, while vision may not be a
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primary foraging modality, it is possible that it serves a complementary function within a

154

foraging context. Some species of NHPs which primarily use their vision to locate food, also use

155

their sense of olfaction to evaluate the quality of the food once it is obtained (Dominy et al.,

156

2001; Hiramatsu et al., 2009). Conversely, while olfaction may lead pangolins to a desired

157

feeding area, visual landmarks at close-range, such as a particular rock or tree, may provide

158

additional information regarding the prey’s location. Similar to the pangolin, giant anteaters

159

(Myrmecophaga tridactyla) are specialized insectivores which use olfaction to locate and feed on

160

ants and termites (Allard et al., 2014). Despite its olfaction-based ecology, Allard et al. (2014)

161

found that the giant anteater was also capable of using spatial memory to find food. Given that

162

vision was presumed to be poor and thus had no significant role in the foraging behaviors of

163

anteaters, it is possible that such visual abilities have been overlooked in pangolins as well.

164

Future studies may want to incorporate visual landmarks or spatial cues in object-choice tasks

165

with pangolins to test whether the manipulation of such stimuli influences the outcome of a

166

foraging experiment.

167

Acoustic discrimination

168

The acoustic discrimination condition consisted of two types of sessions – ‘acoustic

169

untreated’ and ‘acoustic treated,’ the latter of which was implemented post hoc to control for

170

potential olfactory cues left behind by the live ants on the outside of the containers. For logistical

171

reasons, the baited containers used for all acoustic testing were the exact containers used in the

172

field to collect the live weaver ants. When weaver ant nests are disturbed, their colonies mobilize

173

into a highly aggressive defense response (Peng et al., 2012). Thus, transferring the ants from the

174

collection container to a different container to be used in testing would have been logistically

175

difficult to do once the ants became agitated. For the ‘acoustic untreated’ condition, the
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collection containers were thoroughly wiped down with a towel prior to being used in testing.

177

This was done to best remove any extraneous cues collected in the field that might interfere with

178

testing. While the use of cleaning solutions may have been a more effective method, we were

179

concerned that the odors from such products might interfere with testing. For the first three

180

‘acoustic untreated’ sessions, however, I noticed that the pangolin’s nose was highly active and

181

audible in the decision-making process. This was a behavior seen in olfaction testing when a

182

scent was available, but not as prevalent in the other, non-olfactory test conditions. We suspected

183

that the pangolin may have smelled residual odors or pheromones on the container’s exterior that

184

were left by the live ants during collection and that cleaning them with a towel did not

185

effectively remove such odors. Interestingly, while Pluto did show an increase in sniffing

186

behaviors during these ‘acoustic untreated’ sessions, he still did not perform significantly better

187

than chance across test trials. For the following three ‘acoustic treated’ sessions, we thoroughly

188

washed the container exteriors with soap and water and dried them with a towel prior to testing.

189

We believed that this method was more effective in removing any residual prey odors from the

190

exterior of the containers. To prevent the pangolin from associating any residual soap odors with

191

the baited container, all containers used in the ‘acoustic treated’ condition were treated in the

192

same way. Across both the ‘acoustic untreated’ and ‘acoustic treated’ conditions, Pluto

193

nonetheless failed to perform significantly better than chance.

194

The hearing abilities of pangolins are not often discussed in existing literature and those

195

anecdotal accounts which do exist have differing views on the quality of their hearing (Gaubert,

196

2011; Mohapatra and Panda, 2014). While the subject tested in acoustic tasks did not

197

demonstrate the ability to locate its food based on the available cues, the results do not

198

necessarily suggest that Sunda pangolins have overall poor hearing. It is important to remember
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that simply because an animal does not leverage one of its senses to forage does not mean that

200

modality is undeveloped. Despite their highly sensitive hearing abilities, Plotnik et al., (2014)

201

found that Asian elephants were unable to locate their food when only given auditory cues

202

regarding its location. In this sense, the ecological relationship between an animal and its food is

203

imperative to understanding what senses it employs to forage. Just as an elephant would have

204

little value in using its ears to locate flora, it does not seem likely that pangolins would rely on

205

their hearing to locate the subtle sounds of ants and termites. A functional hearing capacity might

206

have more practical uses to pangolins outside of foraging.

207

Though purely observational, I noticed two particularly interesting behaviors regarding

208

pangolin hearing throughout the duration of the project. The first is that one of the male subjects,

209

Pluto, responded to environmental noises at times by abruptly ceasing locomotion and holding a

210

stationary posture in complete silence. This behavior was noted as a response to sounds ranging

211

from the experimenter’s footsteps to the howling of a pack of feral dogs in the distance. It was

212

noted often enough by me and my colleagues to postulate that pangolins do have a functional

213

hearing capacity, though it appeared to be more aligned with predator detection. A second

214

behavior noted which may relate to pangolin auditory abilities pertained to the type of substrate

215

on which the animal walked. Pangolins have been observed to slightly elevate their tail off the

216

ground during locomotion (Gaubert, 2011; Mohapatra and Panda, 2014). The tail likely assists in

217

providing balance as the animal walks and may even provide indications of illness if an

218

individual consistently drags it on the ground (Mohapatra and Panda, 2014). The purpose of

219

changes in pangolin tail posture, however, is a topic that has not been discussed in detail within

220

the existing literature. I noticed that when the two male pangolins walked on noisier substrate,

221

such as leaves or hay, they initiated an exaggerated ‘tail-raised’ response. This contrasted with a
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more relaxed tail posture when the pangolins walked on concrete or rock. One explanation for

223

this behavior could be that the pangolins simply had some aversion to the contact of their tail on

224

the noisier substrate. An alternate, yet plausible consideration is that pangolins may raise their

225

tail when walking on noisier substrate to avoid creating unnecessary sound that could attract

226

predators. If this is the case, it is possible that pangolins use their hearing as a biofeedback

227

mechanism to prevent creating unnecessary noise while moving, thus influencing how they

228

physically navigate through their environment.

229

There was a concern as to whether the noise generated by the live ants was substantial

230

enough for the pangolin to hear through the walls of the plastic containers during testing. The

231

substrate of the ant nests, constructed primarily of adjoining leaves and stems, thus became an

232

integral consideration for acoustic testing. In order to provide the best possible opportunity for

233

the pangolin to obtain acoustic information from the baited container, the rustling of the live ants

234

on their leafy substrate offered a natural and ecologically relevant cue if indeed the pangolins

235

were using their ears to forage. From an ecological perspective, if pangolins use their hearing as

236

a primary modality for hunting insects in the wild, it is plausible that they would have to use

237

their ears to locate their prey from relatively far distances and amid ambient noises within their

238

natural habitats. Furthermore, they would also need to be able to hear their prey through tunnels

239

in the ground, dense dirt mounds, or high within tree nests. In acoustic testing, the entire nest

240

(live food reward) was concentrated within the baited container and the pangolin was allowed

241

physical contact with both choices during the investigation. The logic was therefore that if

242

pangolins actually hear their prey in the presence of extraneous variables in the wild, they should

243

be able to detect them as well in this proximate, controlled, and concentrated setting.

244

53
245
246

Olfaction discrimination, distance, and scent trail
The marked performance of Pluto in olfaction discrimination compared to other tested

247

modalities in phase I suggests that the subject had a capable sense of smell which it could

248

accurately use to find its food. The female pangolin (Betty) also demonstrated exceptional

249

accuracy in olfaction discrimination testing, however, she failed to complete all olfaction testing

250

and did not participate in testing for any other conditions.

251

While the performance of the two subjects tested in olfaction discrimination must be

252

interpreted with caution, it suggests that Sunda pangolins are capable of using their sense of

253

smell to find food in the absence of visual and acoustic sensory cues. This data is consistent with

254

existing literature which postulates that pangolins are olfaction-based hunters (Gaubert, 2011;

255

Imam et al., 2017; Mohapatra and Panda, 2014; Thai et al., 2010). The ecology and physical

256

characteristics of the pangolin’s prey also supports this idea. Ants and termites do generate

257

sounds as part of their communicative repertoire, however, such sounds occur at low intensities

258

(Imam et al., 2019; Hickling and Brown, 2000). Pangolin prey is also relatively small and

259

visually discrete, offering few visually salient cues of their presence aside from their nests. Given

260

that the ecology of ants and termites is heavily dependent on the chemosensory scent trails which

261

they generate (Blum, 1970; Czaczkes et al., 2012; Robinson et al., 2008; Weatherston, 1970), it

262

seems most likely that pangolins would have evolved to exploit the abundance of such

263

signatures.

264

Though our testing revealed that both subjects were able to locate their food in phase I

265

olfactory discrimination tests, it was still unclear how the pangolins applied this sensory system

266

to localize their food. This influenced the design and testing of more complex olfactory tasks in

267

phase II. While only one subject (Pluto) advanced to phase II, the intent was to test whether
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pangolins were more capable of localizing their prey based on distant scent cues or by tracking

269

proximate scent trails to their source.

270

Pluto failed to find the food significantly more often than chance in distance testing. This

271

was likely due to one or more factors: 1) the subject could not detect the quantity of food from

272

the tested distances, 2) the subject detected the food from the tested distances, but the quantity it

273

smelled was not sufficient enough to motivate the subject, 3) the subject smelled the food from

274

the tested distances, but had difficulty in localizing the source, and/or 4) the subject simply did

275

not understand what was being tested.

276

We recognized these potential concerns a priori during olfaction distance training and set

277

three training criteria to best mitigate the aforementioned concerns prior to testing. First, in

278

training, the animal should demonstrate that it could navigate the novel spatial changes of the

279

apparatus. Second, the animal should be able to detect the quantity of food (35 grams) being

280

presented to it on a vertical plane with zero-added distance between it and the food reward.

281

Third, the animal should still be able to detect the same quantity of food, only now at a 15-cm

282

added distance. While the subject passed the necessary criteria in training to satisfy these

283

assumptions, the extended distancing of the stimulus in test trials introduced psychophysical

284

considerations. Within the framework of psychophysics, one measure of stimulus detection

285

involves the concept known as an absolute threshold (Levine, 2000). In short, the absolute

286

threshold is the minimum level of a stimulus which can be perceived by the organism. It is

287

possible that the 35 grams of ants used in training satisfied the minimum detection threshold for

288

the subject at those specific distances (i.e. 15 cm), but such quantity may have fallen below the

289

detection threshold once the stimuli were distanced even further during testing. Future studies on

290

pangolin behavior may want to consider testing for absolute thresholds within an olfactory
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context as doing so could provide experimenters with a better understanding of their foraging

292

ranges. Threshold considerations might also affect motivation levels based on the quantity of

293

food being presented to the animal. In the wild, Sunda pangolins may simultaneously smell their

294

prey up several proximate trees within a forest while foraging. The determining factor as to

295

which tree the pangolin decides to climb, however, may depend on which tree offers the largest,

296

and perhaps most motivating quantity or quality of food. While the odor from a small group of

297

worker ants in one tree may be detectable, this quantity may not be sufficient enough to justify

298

the exertion of energy needed by the pangolin to pursue it. It is also possible pangolins may have

299

a mental representation as to how much odor an ant’s nest typically exudes and refer to this

300

benchmark when making foraging decisions. If the odor detected does not satisfy this criterion,

301

then the animal may decide it is not worth advancing towards this meager quantity in a particular

302

hunt and search for larger, motivating quantities. While quantity discrimination in foraging

303

contexts has been demonstrated across several animal species, no studies have investigated this

304

in pangolins as of yet (e.g., Krusche et al., 2010; Plotnik et al., 2019; Tornick et al., 2015).

305

It is worth considering that while pangolins may not necessarily be able to detect the

306

scent of their prey from a distance in the wild, they may rely on more prevalent odors from a

307

distance. Though these odors may not be directly emitted by pangolin prey, it is possible that

308

they have some cognitive association with their food (Dickinson, 2012; Sison and Gerlai, 2010).

309

For example, the odor of tall flowering trees commonly inhabited by preferred food sources may

310

be carried relatively far distances with appropriate wind conditions. These indirect, yet relatively

311

salient odors may be recognized as olfactory beacons by pangolins from a distance. In this case,

312

the odor of the flowering trees may have value to the pangolin when the lesser odor of their
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actual prey is not detectable. Future olfaction and distance studies with pangolins may want to

314

consider the validity of these potential associative odors.

315

Though Pluto failed to perform better than chance in olfaction distance testing, he scored

316

statistically better than chance overall in ‘scent trail’ testing. His performance across both

317

olfactory tasks in phase II suggests that the proximate environmental cues offered by scent trails

318

may offer a more efficient method to localizing prey than by detection at absolute distances. The

319

physiology of the pangolin may be more conducive to this trail-seeking behavior, with its low-

320

hanging head and elongated nose that slopes towards the ground in most modes of locomotion.

321

Despite this, it seems unlikely that a predator with a particularly developed olfactory system

322

(Imam et al., 2017) would not be able to detect its prey from the relatively short distances tested

323

in the ‘olfactory distance’ tests. Scent trails would be useful once they are found, but detection of

324

distant odors may offer the valuable direction needed when there are no immediate

325

environmental cues available. In addition, if insect trails are primarily being used by pangolins to

326

locate their nests, some understanding would be needed by pangolins as to which direction the

327

trail should be followed in order to reach the nest. It is possible that the distant odor of the nest

328

could provide such directionality, complementing the limited value of the trail itself. Future

329

studies may want to consider experimental methods that bridge this possible disconnect to

330

understand where pangolin hunts take place. Such information could help researchers with

331

strategic camera trapping in the wild or provide ideas for how to create natural foraging

332

opportunities for captive pangolins.

333

While Pluto followed the food trail (F) to find the food in ‘scent trail’ testing, I was

334

concerned that the trail may have had limited ecological validity. The food stimulus used in test

335

trials was produced by compressing the dead ant food reward (mature ants, larvae, eggs) inside
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the barrel of a syringe. The resulting concentration of bodily fluids was then extracted from the

337

syringe and applied to the food trail (F). While it is not surprising that the pangolin would

338

respond to this stimulus, I questioned whether the scent of pulverized ants would have

339

comparable properties to the trail cues naturally encountered by wild pangolins. Pheromones are

340

the primary chemosensory signatures generated by ants and termites (Blum, 1970; Czackes et al.,

341

2012; Robinson et al., 2008; Weatherston, 1970) and may be a more ecologically valid stimulus

342

to isolate in future tests of pangolin foraging tasks. As obligate carnivores in search for live,

343

mobile prey, it is possible that pangolins prioritize these pheromone trails as they may offer

344

temporally valid traces of their food. Considering that these pheromone trails are ephemeral in

345

nature, (Blum, 1970; Czackes et al., 2012; Robinson et al., 2008; Shorey, 1976; Weatherston,

346

1970) the very detection of their presence might at least indicate that prey is currently, or was

347

recently nearby.

348

While it is possible that pangolins simply value all olfactory aspects of their prey, some

349

odors may be more valuable or noticeable than others. Pheromones themselves may be of

350

particular value, though it is possible that pangolins seek the olfactory signatures linked to

351

specific life stages of their prey as well. Some studies (Thai et al., 2010; Lee et al., 2017) have

352

noted that pangolins show more interest in the nutrient-dense larvae hidden deep within an insect

353

nest than the active, mature workers. Due to logistical challenges and resource limitations, the

354

food reward used in all testing was a combination of mature ants, larvae, and eggs, mixed

355

together in aggregate. For this reason, it is unclear whether the tested pangolins showed

356

preference to the scent of mature insects, larvae, or their eggs. Additional studies with pangolins

357

may want to consider testing for prey preferences by designing olfactory tasks which use

358

different life stages of ant or termite prey. Doing so might yield useful information as to whether
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pangolins simply use the trail of mature insects as a means of finding the eggs and larvae within

360

a nest, or if they actively prey on the mature insects while en-route to the nest as well.

361

Conclusion

362

It is not always clear how cognition fits into conservation. The primary goal of this

363

research was to investigate the sensory perception underlying foraging behavior in pangolins.

364

The long-term aim is to encourage further research with the hope that it can be applied to

365

protecting wild pangolin populations and improve the welfare of captive subjects (Greggor et al.,

366

2014).

367

Despite the limitations of and small sample size in this study, the results obtained are

368

consistent with the assertions made in existing pangolin literature that olfaction does play an

369

important role in pangolin foraging behavior. Though the functional application of olfaction in a

370

pangolin hunt is still unclear, the results in this study suggest that it is less likely that pangolins

371

smell their prey from a distance and may rely more on the availability of proximate

372

environmental cues, such as scent trails, to localize their prey. Future behavioral studies may

373

want to consider olfaction as the pangolin’s primary sensory modality, especially in foraging

374

contexts. It is possible pangolins not only use their nose to sniff out their prey, but also to locate

375

other valuable environmental resources relevant to foraging. These more discrete resources

376

should also be considered to effectively conserve pangolins. Considering that pangolins are

377

becoming increasingly rare in the wild and that their elusive behaviors contribute to the

378

challenges of studying those that remain in situ, it may be practical at times for conservationists

379

to first prioritize protecting habitats of pangolin prey, which may be easier to find than pangolins

380

themselves. Applying our knowledge of how pangolins navigate their environment to hunt their

381

prey could then be used by conservationists to better localize and predict pangolin movements.
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Thus, a broader perspective of how pangolins use olfaction to forage and navigate in their

383

environment could help in the conservation and protection of not only pangolins and their

384

preferred food sources, but also other resources that both pangolins and their prey value as well.

385

A note on studying pangolins in captivity

386

The vast majority of pangolin literature which discusses the captive care of pangolins

387

emphasizes their sensitivity to stress and the difficulty in preserving their welfare (Challender et

388

al., 2011; Hua et al., 2015; Thai et al., 2010; Wilson, 1994). Many welfare concerns arise due to

389

the challenges of sustainably providing captive pangolins with natural diets or sufficient artificial

390

diets (Challender 2008; Heath and Vanderlip, 1988; Thai et al., 2010; Yang et al., 2007). Less

391

obvious factors associated with captivity (Challender et al., 2011), such as exposure to artificial

392

light and excessive levels of ambient noise, have also been suggested to impose stress onto these

393

animals.

394

Prior to testing, I cautiously observed all three subjects both remotely (e.g. with cameras)

395

and within their enclosures for approximately two weeks. Our team had some concern that the

396

exposure to human conversation, noises associated with moving research equipment, and

397

lighting used by the experimenters during this observation period may have had varying effects

398

on their behavior for several weeks after. Though the female subject, Betty, showed initial signs

399

of reticent behavior, she developed a particular aversion to me and testing materials through the

400

first few weeks of testing. Specifically, Betty would remain inside her sleeping shelter for most

401

of the night until I would withdraw from her enclosure entirely. This level of withdrawal was not

402

noted within the initial weeks of observation. The male subject (Bert) that was housed with

403

Betty, however, showed particularly high levels of neophilia to the testing equipment and
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experimenter after the observation period (compared anecdotally to observed baseline

405

behaviors). Both subjects began eating considerably less of their daily diets once these behaviors

406

were noted. I hypothesize that Betty temporarily decreased her food consumption as a result of

407

acute stress due to the implementation of the experiment. It is less obvious as to why Bert began

408

eating less, however, it is possible that he was interested in exploring the novel stimuli to the

409

extent that he was willing to forgo the time he spent eating. Though it is difficult to definitively

410

ascertain, both subjects may have been under some degree of stress. Once attempts at testing

411

these subjects were terminated, they returned to their daily rates of dietary consumption. I was

412

eventually able to re-habituate these subjects to myself through a gradual acclimation process

413

with no adverse affects on their behavior or dietary consumption thereafter.

414

The individually housed male (Pluto) that voluntarily participated across all conditions of

415

testing had several behavioral characteristics that were distinct from the other two pangolins.

416

Once Pluto finished eating for the night, he would sometimes walk the perimeter of his enclosure

417

for up to several hours. While stereotypic behavior has been noted in previous literature on

418

captive pangolins, it has not been extensively studied in detail (Challender et al., 2011; Thai et

419

al., 2010). I believe that Pluto’s repetitive bouts of locomotion around his enclosure qualified as

420

a stereotypic behavior and that the duration of such bouts may have been an indication of surplus

421

energy. This energy surplus could possibly explain why Pluto was motivated to engage across all

422

phases of testing compared to the other two subjects that did not exhibit stereotypic behavior.

423

Over time, enrichment items were introduced to the enclosure of Bert and Betty, which

424

increased the amount of time that they were active within their enclosure. A ‘dig-box’ which was

425

constructed of plywood and filled with a combination of soil, leaf litter, and substrate from local

426

termite mounds was frequently investigated by both subjects and seemed to increase their daily
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activity budget. Regularly refreshing the soil and burying a food reward (e.g. live or dead ants) in

428

the ‘dig-box’ on random days kept their attention to this novel stimulus for several weeks. A

429

novel shelter was introduced to Pluto at the end of phase II after all testing was completed. The

430

shelter was constructed of small logs from fallen trees in the nearby forest and was fastened

431

together at an angle so that they stood in an upright cone-shape. The shelter was intended to

432

provide additional climbing opportunities for Pluto as well as a spare sleeping shelter. Except for

433

when food was hidden inside cavities of the shelter, Pluto did not show any sustained interest or

434

engagement with this novel object.

435

Ongoing research with pangolins should consider individual differences between subjects

436

in order to find experimental designs which minimize stress and are most likely to garner

437

voluntary participation. I would like to emphasize that particular care should be taken when

438

studying captive pangolins which have not been previously habituated to humans. Exposure to

439

artificial lighting, human handling, and unnatural noises should be minimized in order to prevent

440

any unnecessary stress beyond those already associated with captivity. Enrichment items using

441

ecologically valid materials may also improve the welfare and increase the natural behaviors of

442

captive pangolins as well.
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